ABSTRACT: Light charged Higgs bosons (m H + < m top ), if exist, are expected to be copiously produced at the LHC via top quark decays t → H + b. The dominant decay mode in this mass range is to a τ-lepton and a neutrino. We study the semi-leptonic and di-leptonic channels in which the τ decays leptonically (i.e. to an electron or a muon). The presence of an isolated lepton offers a cleaner experimental signature compared to hadronic τ decays, however reconstruction of the event is more challenging due to the presence of multiple neutrinos in the final state. We define a new transverse mass for the charged Higgs in these channels, which can be used to discriminate between the signal and the main background on a statistical basis.
Introduction
Charged Higgs bosons arise in models with extended Higgs sector such as two Higgs doublets models (2HDM) and in particular the Minimal Supersymmetric Standard Model (MSSM). If the Charged Higgs mass is below the top mass, then it's dominant production mode at the LHC is expected to be via top quark decay , due to the large Yukawa coupling of the top. The dominant decay mode of the charged Higgs in this scenario is to a τ lepton H − → τ −ν τ [1] . It is clear therefore that the most noticeable signature of a charged Higgs would be an excess of τ leptons in top quark decays. Here we study the possibility to observe a charged Higgs using leptonic decays of the τ,τ − → e −ν e ν τ or τ − → µ −ν e ν τ . The presence of an isolated electron or muon in the final state has an experimental advantages with regard to triggering the event and suppressing backgrounds. On the other hand, one cannot fully reconstruct the event due to the multiple-neutrino final state. A common method of handling events with missing energy is the so called "endpoint method" which has been widely studied [2] , mainly in the context of SUSY processes but also for Standard Model Higgs boson searches [3] . In this approach one constructs variables with well defined kinematical edges (also known as Transverse mass observables) that can be used to extract information on the unknown particle masses. The goal of this paper is to present such observables relevant to charged Higgs searches in tt events. We study the applicability of this method to both semi-leptonic and dileptonic tt events and show that it can provide discrimination between a charged Higgs and it's main background.
Semi-leptonic tt events
In this section we consider events in which one of the top quarks decays to a charged Higgs (t → bH) while the second top quark decays hadronically and is therefore fully reconstructable (t → bW → b j j). This is the most useful channel for top reconstruction since the missing energy and isolated lepton provide a good rejection against backgrounds. The main background to this process is the SM decay t → W b with a subsequent leptonic decay of the W, either directly W → ℓν or via a τ : W → τν → ℓννν ,where we are assuming that backgrounds other than tt can be efficiently suppressed using standard cuts. To distinguish between the two different background sources one might reconstruct the W transverse mass, defined as [4] (
For direct W decays this transverse mass has a sharp Jacobian peak near the the W mass, so by requiring M W T < 50 GeV one can remove a large part of this background and enhance the fraction of events with a leptonic τ decay. The transverse mass distributions at parton level, generated using PYTHIA [5] are shown in Figure 1 , for the background and a charged Higgs signal with a mass of 130 GeV. In principle, One can look for an excess of events in the low transverse mass region as an indication of a charged Higgs. One should note however that as the charged Higgs mass becomes higher, the effect becomes less pronounced as the signal distribution becomes more flat. The W transverse mass (2.1) could be viewed as the kinematical endpoint variable for the process W → ℓν, namely it could be defined as
from which it is clear that it satisfies M W T ≤ M W . For the case of a leptonic τ decay (either from a W or charged Higgs boson) the constraint used in (2.2) is not valid since the missing momentum comes from three neutrinos and therefore (p miss ) 2 = 0. However, if one of the two b-jets in the event could be associated with the leptonically decaying top quark then the on-shell constraint for the top quark could be used and one would define a "Charged Higgs transverse mass" in the following way:
note that in this case the transverse mass is defined by maximization of the invariant mass, since it is bounded from above by the top quark on-shell constraint. The charged Higgs transverse mass by definition therefore satisfies m H + ≤ M H T ≤ m top . The explicit expression for it can be easily derived and is given by: (see appendix A)
In practice, however, top quark decay can involve gluon radiation [6] in which case the constraint used in (2.3) is not exact. If the top quark emits a gluon and turns off-shell before it's decay then the invariant mass of the decay products is smaller then the top pole mass
the charged Higgs transverse mass (2.4) is a monotonically increasing function of the input value of m top and therefore the following relation still holds:
i.e. also in the presence of gluon radiation the kinematical edge at m H + remains however the values of M H T will be shifted upwards and thus the Jacobian peak will be smeared. This effect is shown in Figure 2 , where the distribution of M H T is shown for the normal case (2a) and a hypothetical one in which there is no radiation (2b). Clearly, the discrimination between the signal and the W background becomes stronger as the charged Higgs mass is higher, in contrast to the W transverse mass discussed in the previous section. Thus the two variables are complementary in providing sensitivity to a charged Higgs.
dileptonic tt events

tt decay to H + W −
In this section we generalize the above procedure for dileptonic tt events. We first consider the process depicted in Figure 3 , which is similar to the one discussed in the previous section except that here also the W boson decays to leptons. The final state includes two leptons and missing energy on both sides of the event. The kinematics of the events are described by the following set of six constraints:
Here p H + and pν ℓ represent the unknown quantities of the event. Note that we have not specified constraints for the particles that are the decay products of the charged Higgs, since this would not supply us with additional information that can be use to constrain the charged Higgs mass. The system of constraints (3.1) therefore amounts to two free parameters (compared to only one in the semi-leptonic case) over which we maximize the charged Higgs mass, to obtain the variable M H
If we choose one of the free parameters to be the z-component of the charged Higgs momentum, we can immediately perform the maximization over it using the result of the previous section,
The maximization over the remaining parameter needs to be performed numerically. A computation procedure which allows for this maximization to be easily performed is given in appendix B. An Illustration is given in Figure 4 , where the surface defined by M H T ( p H + T ) for a specific event is drawn, with the hypersurface (in this case, line) that is obtained by the constraints. M H T 2 is the maximal value of M H T along this line. 
The resulting distribution of M H
T 2 is shown in Figure 5 . The effect of having additional free parameter clearly worsens the situation compared to the semi-leptonic case, however there is still a clear discrimination between the W and charged Higgs bosons.
In addition we define a second variable, called a missing transverse mass, which is designed to be sensitive to the decay mode of the boson rather then it's mass. To achieve this we maximize the invariant mass of the neutrinos coming from the boson decay. This true invariant mass is of course zero for direct decays where there is a single neutrino, while it is usually larger then zero when a τ lepton is produced and there are three neutrinos in the final state. Using the same procedure as described above, the missing transverse mass is defined by: 
Notice that here we assumed the W mass as the boson mass. The distribution of this variable however shows only little dependance on the actual mass of the boson, and therefore it can be used as a discriminator between direct and τ-mediated decays also in charged Higgs events. The corresponding distributions are shown in Figure 6 For both the charged Higgs events and the tauonic W decays this variable is peaked towards its upper limit at 80 GeV (which is the nominal W mass). Thus by requiring e.g. M miss T > 70 GeV one can enhance the signal to background ratio of the sample. This feature has very little dependance on the boson mass, as can be seen from the very small difference between the shapes of the distribution for the charged Higgs at 130 GeV and the tauonic W mode.
tt decay to H + H −
In this section we consider dileptonic tt events where both top quarks decay via a charged Higgs boson. Although this is not practical for charged Higgs searches due to the small cross-section, we consider it for completeness and since this event topology might be relevant to other processes. Treating p H + and p H − as the unknowns of the event we have the following set of constraints:
The charged Higgs transverse masses are defined as kinematical endpoint variables similar to the Cambridge m T 2 variable and it's variants [2] . The difference is in the form of the kinematical constraints: for the charged Higgs case the mass of the parent particle is known, while for m T 2 the mass of the daughter particle is assumed to be known (or rather m T 2 is defined as a function of the daughter particle mass). The charged Higgs transverse masses provide therefore an event-byevent upper bound on the charge Higgs mass, while m T 2 provide an event-by-event lower bound on relevant particle mass.
Conclusions
The leptonic decay channel of the τ could be used to increase the sensitivity to a charged Higgs in tt events. This might be particularly important at early stages of LHC data, before hadronic τ reconstruction is well understood. We have demonstrated that by using appropriate kinematical endpoint variables (transverse masses) it is possible to distinguish between a charged Higgs and a W boson on a statistical basis. For semi-leptonic tt events which is the most important search channel we have defined a new transverse mass for the charged Higgs which has a simple form. 
